Juvenile loggerhead sea turtles spend more than a decade in the open ocean before returning to neritic waters to mature and reproduce. It has been assumed that this transition from an oceanic to neritic existence is a discrete ontogenetic niche shift. We tested this hypothesis by tracking the movements of large juveniles collected in a neritic foraging ground in North Carolina, USA. Our work shows that the shift from the oceanic to neritic waters is both complex and reversible; some individuals move back into coastal waters and then return to the open ocean for reasons that are still unclear, sometimes for multiple years. These findings have important consequences for efforts to protect these threatened marine reptiles from mortality in both coastal and open-ocean fisheries.
INTRODUCTION
Throughout their development, loggerhead sea turtles (Caretta caretta) undergo abrupt developmental changes in habitat, behaviour and resource use (Bjorndal et al. 2000; Snover 2002; Bolten 2003) . In the western North Atlantic, hatchlings leave their natal beaches, swim offshore and become entrained into the Gulf Stream, eventually inhabiting the oceanic waters of the Atlantic. Their whereabouts during this oceanic phase of life was termed the 'lost year' by Archie Carr (Carr 1986) . We now know that this lost year actually lasts for more than a decade, during which the turtles remain in oceanic waters and consume epipelagic prey (Carr 1987; Bjorndal et al. 2000; Snover 2002) .
After this oceanic phase, juvenile loggerheads return to neritic waters to forage on benthic prey, in what has been assumed to be a discrete ontogenetic shift. In the North Atlantic, this shift occurs when individuals are 42-59 cm straight carapace length (SCL; Bjorndal et al. 2000; Snover 2002) . Once these large juveniles have entered a benthic life stage, they inhabit coastal waters and make seasonal latitudinal migrations between neritic feeding (and later breeding) grounds (Carr 1987; Musick & Limpus 1997; Hopkins-Murphy et al. 2003) . This shift is believed to allow maximization of growth potential while minimizing predation risk in ecologically distinct stages (Werner & Gilliam 1984) .
Discrete ontogenetic niche shifts are common in vertebrates (Mittelbach 1981) , but in some species such shifts are not hard-wired (Persson & Greenberg 1990) . The timing of these shifts may have profound consequences for survivorship (Olson 1996) and, in a world that is increasingly modified by human activities, may mediate risk to sources of anthropogenic mortality.
We tested the hypothesis that loggerheads exhibit a permanent ontogenetic shift and once juveniles have returned to neritic waters they remain in this habitat. Loggerhead sea turtle populations are threatened by mortality in both coastal and oceanic fisheries, so it is critical to understand variation in their life histories (Crouse et al. 1987; Crowder et al. 1994 ) so that we can assess the demographic impacts of these fisheries.
MATERIAL AND METHODS
We used satellite telemetry to track the movements of 30 large juveniles captured in the estuaries of North Carolina, USA, in the summers of 2002 and 2003. We attached satellite transmitters (Wildlife Computers SPOT2, Redmond, Washington, USA) to loggerhead turtles collected incidentally in a commercial pound net fishery in North Carolina. Turtle size was measured to the nearest 0.1 cm and reported as SCL. Transmitters were affixed to the turtle's carapace using a hybrid technique of a cool setting two-part epoxy (Power Fast; Mitchell 1998) and fibreglass cloth and resin (Balazs et al. 1996) . Animals were released near their capture location. The satellite tags were programmed to transmit daily over an 8 h period beginning from just before dawn to near midday. Position estimates and associated location accuracy were provided by Service Argos, Inc. We employed a three-stage filtering algorithm ( McConnell et al. 1992; Austin et al. 2003) to reject implausible locations. Sea turtle movements were reconstructed by plotting the best location estimate per day of the filtered location data. To test for significant differences in the size of turtles with different migratory destinations, we conducted a one-way analysis of variance. Migratory destination was classified as 'oceanic' if a turtle moved off the continental shelf, as defined by the 200 m isobath, or 'neritic' if it remained on the shelf. Seven turtles tracked for less than one month and, showing no clear destination after leaving the estuaries, were excluded from the analysis.
RESULTS
Turtles were tracked for up to 660 days (meanZ274; s.d.Z108) and exhibited two discrete behavioural patterns. Thirteen turtles remained in neritic waters as expected; some travelled as far south as Florida, although most remained off North Carolina ( figure 1a) . The following year, 10 of these loggerheads returned to North Carolina estuaries. The three remaining individuals stopped transmitting prior to or around the time remigration typically occurs; one in January off Florida and two in April off North Carolina.
After leaving the estuaries, however, a group of 10 turtles returned to the open ocean (figure 1b), where they remained for up to 381 days. Loggerheads cannot feed on benthic organisms in this habitat because water depths exceed their dive capabilities (Lutcavage & Lutz 1997) . One turtle, after spending 210 days in the oceanic realm, returned to coastal waters for 102 days before migrating back to the open ocean for 30 days, after which its transmissions ceased.
The mean SCL of neritic turtles was 62.6 cm (s.d.Z4.9, rangeZ57.5-75.8), whereas that of oceanic turtles was 64.0 cm SCL (s.d.Z7.3, rangeZ 52.9-74.2). Their sizes were not significantly different (F 1,21 Z0.32, pZ0.58).
DISCUSSION
Our results show that loggerheads do not undergo a discrete ontogenetic niche shift and add to speculation (Bolten 2003 ) and a growing body of evidence ( Witzell 2002; Hatase et al. 2006; Hawkes et al. 2006 ) that the life history of sea turtles is considerably more complex than previously understood. Tracking individuals in the wild has provided considerable insight into movement behaviours, but individual variation may not always be recognized as significant. For example, in two decades of satellite telemetry studies, a few loggerheads were tracked into the Gulf Stream for short periods of time (Byles 1988; Keinath 1993; Morreale & Standora 1998) , but these results were, for the most part, discounted as anomalous. Morreale & Standora (2005) later suggested that some juvenile loggerheads migrate seasonally between coastal habitats and warmer offshore waters. Our study demonstrates clearly that the oceanic environment remains an important habitat for loggerheads even after they venture into neritic foraging grounds, sometimes for several years. Indeed, large juveniles such as those in our study are routinely observed as by-catch in pelagic longline fisheries in oceanic waters ( Watson et al. 2005) .
The factors responsible for this observed variation in life-history strategies are not yet clear. Size did not explain the difference in migratory destination in this study and we are not yet able to assess the influence of other potential explanatory factors such as age, sex, condition or nesting beach origin. We can infer, however, from other research that these differences are unlikely to explain the variation we observed.
Juvenile loggerheads captured in North Carolina are a mixed-stock aggregation (Bowen et al. 2005) , although most are from western Atlantic rookeries (Bass et al. 2004) , and are female biased (2 : 1; Braun-McNeill et al. in press).
Using skeletochronology and stable isotopes, Snover (2002) suggested that loggerheads settled into the neritic environment at 49 cm SCL. She found increased growth rates and a trophic shift following settlement that was consistent with a transition from pelagic to benthic habitat and prey, but reported that growth rates in the neritic habitat were slower than predicted (Snover 2002; Snover et al. 2007) . The behavioural complexities we describe in terms of lifehistory strategy may not be evident in such studies because of the observed variation in growth or diet. In particular, we conclude that ontogenetic shifts exhibited by loggerhead turtles appear to be facultative and reversible, rather than fixed.
The intrapopulation variation we observed may have significant consequences for both the description of sea turtle life histories and for the conservation of these protected species. Sea turtle by-catch in fisheries that occur within the exclusive economic zones of nations can be mitigated (e.g. the use of Turtle Excluder Devices in US trawl fisheries), but when loggerheads spend protracted periods in the ocean, they are at risk from largely unregulated international fisheries (e.g. pelagic longlines for swordfish and tuna). Our study suggests that as many as one-third of the demographically critical large juvenile loggerheads (Crowder et al. 1994 ) may remain vulnerable to fisheries by-catch in the open ocean much longer than previously understood. 
